Abstract: Both hydrogen bonding (HB) and halogen bonding (XB) are essentially electrostatic interactions,b ut whereas hydrogen bonding has awell-documented record of stabilizing unstable anions,little is knownabout halogen bondingsability to do so.H erein, we present ac ombined anion photoelectron spectroscopic and density functional theory study of the halogen bond-stabilization of the pyrazine (Pz) anion, an unstable anion in isolation due to its neutral counterpart having an egative electron affinity (EA). The halogen bond formed between the s-hole on bromobenzene (BrPh) and the lone pair(s) of Pz significantly lowers the energies of the Pz-(BrPh) 1 À and Pz(BrPh) 2 À anions relative to the neutral molecule,r esulting in the emergence of ap ositive EA for the neutral complexes.Asseen through its charge distribution and electrostatic potential analyses,t he negative charge on Pz À is diluted due to the XB.T hermodynamics reveals that the low temperature of the supersonic expansion plays ak ey role in forming these complexes.
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Being electron-withdrawing,c ovalently bonded halogens are often negatively charged in character.S urprisingly,t hey can interact attractively and directionally with nucleophiles such as lone pairs and anions. [1, 2] This noncovalent interaction was first called halogen bonding (XB) by Dumas and coworkers. [3, 4] Then ature of XB was not resolved until 1992; covalently bonded, polarizable halogen atoms have positive electrostatic potential regions on the opposite end of the covalent bond and the equatorial sides of these atoms are negative. [5, 6] XB is therefore attributed to the electrostatic attraction between this positive region and nucleophiles.T he positive site was termed the s-hole by Politzer et al. in 2007. [7] Thes ize of the s-hole depends on the polarizability of the halogen, that is,I> Br > Cl > F, but can also be tuned by other electron-withdrawing groups. [2, 13] Once its enigmatic nature was understood, XB was widely applied in supramolecular chemistry and crystal engineering as ad riving force for self-assembly. [8] [9] [10] [11] [12] [13] Gas phase experimental investigations of XB are scarce;t hey are limited to ahandful of experiments using techniques such as molecular beam scattering, [14] rotational spectroscopy, [15] [16] [17] and blackbody infrared radiative dissociation. [18] Theoretical calculations,o nt he other hand, have been very fruitful. [1, 2, [19] [20] [21] [22] [23] According to Politzer,t hermodynamics accounts for the rarity of gas phase studies; [1, 24] that is,t he Gibbs free energy, DG = DHÀTDS,h as to be negative.T he enthalpy change, DH,i su sually negative,y et due to entropy changes (loss of rotational and translational degrees of freedom) that occur upon forming ahalogen bond, the TDS term often has alarge negative value,r esulting in ap ositive DG. Therefore,t o construct XB in the gas phase,o ne needs to have an exothermic reaction at low temperatures.
Herein, we present ag as phase photoelectron spectroscopic study of the pyrazine anion (Pz À )-bromobenzene (BrPh) complexes.P zi sa nN-heterocyclic molecule with two nitrogen atoms at the para positions of as ix-membered ring, and it has been determined to have an egative electron affinity (EA) of À0.01 eV, [25, 26] implying that Pz À is unstable and difficult to form in isolation. Hydrogen bonding (HB) with water is aw ell-known means of stabilizing unstable anions. [26] [27] [28] [29] [30] [31] Upon forming HB,t he potential energy of the anion is lowered relative to the neutral species.T his is due to astronger interaction between water molecules and the anion than between water molecules and the anionscorresponding neutral species.A saresult, the EA value switches from negative to positive.Inthis work, we have provided evidence that XB is formed between Pz À and BrPh, stabilizing unstable Pz À and rendering the EAs of neutral Pz(BrPh) n (n = 1,2) positive.D ensity functional theory (DFT) calculations were performed for comparison with the experimental findings.
Thed etails of experimental/computational methods are provided in the Supporting Information. TheM 06-2x functional [32] used is parameterized for dispersion and regarded as as tandard method for describing non-covalent interactions such as XB. [33] Them ass spectra of Pz(BrPh) n À (n = 1,2) are provided in the Supporting Information. Thep hotoelectron spectra of Pz(BrPh) n À taken with a355 nm (3.49 eV) laser are presented in Figure 1 . ForP z(BrPh) 1 À ,t he major electron binding energy (EBE) band ranges from 0.1 eV to 1.2 eV and peaks at 0.48 eV.F or Pz(BrPh) 2 À ,i tr anges from 0.3 eV to 1.5 eV and peaks at 0.69 eV.Ifthere is sufficient Franck-Condon overlap between the ground state of the anion and the ground state of the neutral species and there is not much vibrational hot band intensity,t he threshold of the EBE band is the EA. We extrapolate the lower EBE side of the band to zero,a nd the EBE values there,0 .15 eV and 0.32 eV,a re taken as the experimental EA values of Pz(BrPh) 1 and Pz(BrPh) 2 ,respectively.T he EA of Pz(BrPh) 1 is not much above zero, suggesting that one BrPh molecule (one XB) is the threshold number that barely pulls the EA from negative to positive. Thepeak positions of the two spectra, 0.48 eVand 0.69 eV,are the experimental vertical detachment energies (VDE) for Pz(BrPh) 1 À and Pz(BrPh) 2 À ,r espectively.T he VDE is the photodetachment transition energy at which the FranckCondon overlap between the wave functions of the anion and its neutral counterpart is maximal. These experimental results are tabulated in Table 1f or comparison with those obtained from calculations,a nd excellent agreement is observed. Gaussian fittings of these two spectra are provided in the Supporting Information.
Thec alculated 3D coordinates of all the species are provided in the Supporting Information. Figure 2presents the structures of Pz(BrPh) n m (m = 0,À). Pz(BrPh) 1 m possess C 2v symmetries with the Pz plane perpendicular to the BrPh plane.T he bromine atom in BrPh and one of the nitrogen atoms of Pz form aXB. TheXBlength in the neutral complex is 3.00 ,s ignificantly longer than the 2.71 in the anion, indicating that the XB in the anion is stronger than in the neutral species.T his is because the higher negative charge in the anion leads to stronger electrostatic attraction. Pz-(BrPh) 2 m ,o nt he other hand, have D 2h symmetries.E ach of the nitrogen atoms of Pz forms aXBwith one BrPh molecule. TheXBlength in the anion (2.72 )isalso shorter than that in the neutral species (2.98 ). These bond lengths fall within the range of typical XB lengths. [1, 2] Theh ighest occupied molecular orbitals (HOMO) of Pz(BrPh) n À have the excess electron occupying the p*o rbital of the Pz ring, indicating that the Pz moieties are indeed negatively charged.
Natural population analysis (NPA) provides another perspective for understanding the stabilization of Pz À by XB.NPA shows that the net charge on the Pz ring is À0.93 ein Pz(BrPh) 1 À and À0.88 einPz(BrPh) 2 À .Therefore,the first XB decreases the charge by À0.07 e, and the second further decreases the charge by À0.05 e. To better visualize the XB, Figure 3s hows the electrostatic potential (ESP) surfaces of Pz, Pz À and Pz(BrPh) n À .The induced neutral (green), positive (blue), and negative (red) electrostatic potentials are mapped on the 0.04 e/bohr 3 surfaces in the range of AE 44 kcal mol À1 .In neutral Pz, only the small ends of the nitrogen atoms show an egative potential due to their higher electronegativity. Upon electron attachment, the ESP of Pz À has mostly negative potentials.I nP z(BrPh) 1 À ,i nw hich one XB is present, the negative potentials (red) on the Pz À ring decreases compared to bare Pz À .W hen two XBs are formed in Pz(BrPh) 2 À ,t he negative potential on Pz À further decreases.T hese observations are consistent with the charge distribution change revealed by NPA. Thepositive s-holes at the end of the Br atom (blue) and the negative equatorial side (yellow) can be clearly observed. The s-holes directionally point towards the most negative (red) regions on the Pz À ring, that is,t he nitrogen atoms,f orming the XB.O ur theoretical effort in searching for other possible isomers,especially the ps hole interaction, did not end in any stable local minima;this might be because the negative charge on the ring is mainly localized on the nitrogen atom in Pz À (À0.65 e). To quantify the stabilization effect of XB,t he binding energies of the first and second XB of the neutral and anionic complexes, D 0 [Pz(BrPh) n m ], are given by: .007 eV, which is consistent with the previously reported experimental value, À0.01 eV. [25] Since accurate prediction of slightly negative EA values is difficult, this excellent agreement gives us confidence in the reliability of the theoretical methods used.
Finally,w ed iscuss the thermodynamics of forming Pz-(BrPh) n m .C omputed at 298 K, the internal energy change (DE 0 ), enthalpy change (DH 0 ), entropy change (DS 0 ), and Gibbs free energy change (DG 0 )a re tabulated in Table 2 . Anion formation is more exothermic than that of the neutral species,w hich is consistent with the binding energy differences.A tr oom temperature,n one of these four complexes can form due to the positive DG 0 .T hus,w ec alculated the threshold temperature for each reaction to occur. Forming Pz(BrPh) needs at emperature lower than 2.9 K, and the formation of Pz(BrPh) 2 is thermodynamically forbidden due to both the entropy loss and endothermicity.The formation of Pz(BrPh) 1 À and Pz(BrPh) 2 À needs temperatures lower than 124.3 Ka nd 114.1 K, respectively.G as phase supersonic expansion can usually cool the molecules to several tens of Kelvin, [34, 35] which justifies our observation of the anions, although the neutral complexes will fall apart into Pz and BrPh molecules after photodetachment. This implies the mechanism of forming the anions.T wo pathways could be present:1 )The neutral Pz reacts with BrPh to form neutral complexes,w hich then attach electrons to form the anions.
2) Thea nionic Pz
À reacts with BrPh to form the anionic complexes.T he first pathway is not realistic due to the very low temperatures needed to form the neutral complexes, hence,w es peculate that even though Pz has as lightly negative EA, there are short-lived Pz À anions formed in the ion source,which are then stabilized by forming the XB.
In general, HB and XB are considered to be two parallel worlds, [36, 37] so the binding circumstances of HB should be largely applicable to XB.H owever,t here are still many missing pieces in studies of XB compared to HB.For example, we recently designed anionic,m etallic XB acceptors,w hich have long been known to exist for HB but have been unknown for XB. [38] In this work, we for the first time extend XB to stabilizing gas-phase unstable anions,which is already well-known in the case of HB. [26] [27] [28] [29] [30] [31] 
